Previously, we found a significant negative correlation between DNA C-value and altitude among eight natural populations of Dactylis glomerata L. (Creber et al., New Phytologist 128: 555-561, 1994). We have examined the extent to which similar negative relationships exist in other altitudinal transects, one in southern France and the other in Italy. Using Feulgen microdensitometry, C-values were negatively correlated with altitude both for the French and Italian populations. A combined plot of DNA C-values against altitude for all of the transects (representing C-values for 17 natural populations), exhibited a highly significant negative relationship; there was a 13-fold variation in DNA C-value from the largest genome-lowest altitude to the smallest genome-highest altitude natural population. Such a consistent marked altitudinal dine suggests strong nucleotypic selection acting upon these populations with increasing altitude. Preliminary examination of amplified fragment length polymorphisms between populations selected from the upper and lower limits of the French and Italian transects has shown that these populations are genetically distinct. The extent to which this genetic separation is related to altitude or genome size, or both, is discussed.
INTRODUCTION
The DNA C-value for a species is the amount of nuclear DNA in the unreplicated haploid genome of a gamete (Swift, 1950) . Angiosperms exhibit at least a 2500-fold variation in DNA C-value from 0.05 pg in Cardamine amara to 124-7 pg in Fritillaria assyriaca (Bennett, 1987; Bennett and Smith, 1991) . However, this may not represent the absolute extent of C-value variation since it encompasses a mere 1 % of the world's angiosperm flora (Bennett and Leitch, 1995) .
DNA C-value is positively related to a number of cellular characters including mitotic cell cycle time, rate of nuclear DNA synthesis and cell and nuclear size through to whole plant characters, such as minimum generation time and geographic distribution (Bennett, 1972 (Bennett, , 1976 (Bennett, , 1987 Kidd, Francis and Bennett, 1987) . Important ecological characteristics of plant species in natural habitats also vary with genome size, e.g. timing of spring growth (Grime, Shacklock and Band, 1985) , cell size and rate of leaf expansion in early season growth (Grime et al., 1985) and frost resistance (Macgillivray and Grime, 1995) . Importantly, some of these so-called nucleotypic correlations, e.g. the relationship between genome size and cell cycle duration, are sustainable within a ploidy level but break down in comparisons of CPresent address: * NERC Centre for Population Biology, Imperial College at Silwood Park, Ascot, Berks, SL5 7PY, UK, §Department of Botany, University of Dublin, Trinity College, Dublin 2, Eire.
t For correspondence. E-mail francisd@cardiff.ac.uk 0305-7364/98/0A0099 + 07 $30.00/0 values between species of different ploidy levels (Kaltsikes, 1972 , Bennett, 1972 Kidd, Francis and Bennett, 1992) .
The majority of published DNA C-values of angiosperms, which cover about 3000 species to date (Bennett and Leitch, 1997) , indicate interspecific variation which is neither correlated with chromosome number nor ploidy level; higher C values exist in some diploids compared with some tetraploids. The majority of published C-value data is based on single samples and hence might favour the idea of DNA C-value constancy for a species. Papers first describing intraspecific variation appeared in the mid 1960s. For example, a 16% variation in DNA C-values, induced by environmental treatments, was reported for Linum usitatissimum (Evans, Durrant and Rees, 1966) . Since then, intraspecific variation has been reported for a range of unrelated species and taxa e.g. 20% variation in Aegilops squarrosa (Furuta, Nishikawa and Makino, 1975) , 29 to 67 % in two Microseris species (Price, Chambers and Bachmann, 1981 a, b) and 37 % in different cultivars of Zea mays (Laurie and Bennett, 1985; Rayburn et al., 1985) . Moreover, Bennett (1985) listed 24 angiosperm species in which intraspecific variation ranged between 4 and a staggering 288 %, leading to the conclusion that the concept of the very constant genome be refined to the fairly constant genome (Bennett and Leitch, 1995) . However, the occurrence and extent of intraspecific variation in genome size continues to be debated because, despite the many reports of such variation in the literature, others have failed to substantiate it. For example, a 1 29-fold variation in genome size in Pisum sativum (Cavallini and Natali, 1990; 100 Reeves et al.-Genome Size is Negatively Correlated with Altitude in D. glomerata Populations 1993), was not confirmed by other workers (Greilhuber and Ebert, 1994) .
Some of the reported intraspecific variation in DNA Cvalues shows significant relationships with geographic location. For example, cultivars of Zea mays in North America exhibited a decline in C-value with increasing latitude (Rayburn et al., 1985) . Similarly, a negative correlation between genome size and latitude of origin was found in European populations of Festuca arundinacea (Ceccarelli, Falisfocco and Cionini, 1992) . However, these correlations are not found consistently because in natural populations of Picea glauca (Teoh and Rees, 1976) and Dactylis glomerata (Creber et al., 1994) there were no consistent relationships between C-value and latitude of origin. Similarly, conflicting accounts exist of possible relationships between altitude and genome size. In maize, heterochromatic knob number decreases with altitude but fluorometric measurements of DNA amount revealed increasing genome size in accession numbers from higher elevations Auger, 1990, Rosato et al., 1998) . Importantly, selection of cultivars which mature more rapidly in progressively shorter growing seasons since the beginning of maize cultivation probably confounds these relationships. In our view, studies of natural populations, which are free of conscious or unconscious artificial selection, provide a better source of material to examine possible relationships between intraspecific DNA C-value variation and geographic distribution. As mentioned earlier, ten natural populations of D. glomerata from various sites in mainland Europe did not show a meaningful relationship between C-value variation and latitude (Creber et al., 1994) . However, in the same study, eight populations from an altitudinal transect in northern Spain [350-1120 m above sea level (asl)] showed a significant negative relationship with altitude. In other words, the higher the origin of the population, the lower the DNA C-value. To examine whether this pattern of change was more widespread in this species, natural populations were analysed from two completely separate altitudinal transects, one in southern France and the other in Sicily; we present these data here.
Over the past decade, the extent of genetic variability in plant populations has been studied by methods which detect DNA polymorphisms. These genetic fingerprints can be detected by the presence or absence of fragments in electrophoretic banding patterns generated by restriction enzyme digestion or DNA amplification procedures, or both. Using amplified fragment length polymorphisms (AFLPs) (Vos et al., 1995) , we have determined the extent to which intraspecific DNA C-value variation and altitude of origin was matched by genetic differences between these altitudinally contrasting populations of D. glomerata.
MATERIALS AND METHODS

Plant material
Seeds of natural populations of Dactylis glomerata were collected from altitudinal transects in France (500 to 2500 m asl) and Italy (80 to 1500 m asl) by the Genetic Resources Unit, Institute of Grassland and Environmental Table 1 . On experimental day 0, seed from the five French and five Italian populations together with a natural population from southern Portugal of known DNA C-value (2n = 2x = 14, C value = 33 pg, 38°53' N, 7°10' W), were sown on fibre glass matting supported on a polystyrene raft. Subsequently, the material was grown in exactly the same way as described previously (Creber et al., 1994) . On experimental day 5, the seedlings were fixed immediately in 3: 1 (v/v) ethanol: glacial acetic acid at 4 °C for a minimum of 24 h.
C-value determination by Feulgen microdensitometry
DNA C-value determinations were undertaken as described previously (Creber et al., 1994) . All of the procedures were carried out at exactly the same time, using the same reagents throughout. The fixed root tips were washed in distilled water and then hydrolysed in 5 M HCI for exactly 62min at 25 °C. Previously, we found that deviation by ±+5 min from this optimum hydrolysis time for D. glomerata reduced the staining intensity by about 5 % (Creber et al., 1994) . Immediately after hydrolysis, roots were washed in ice-cold distilled water (2 x 5 min) and then immersed in Feulgen stain at 25 C for exactly 2 h. The roots were then transferred to 45 % (v/v) acetic acid. The primary root meristems were placed in droplets of 45 % acetic acid, dissected with needles and squash preparations made. The preparations were then made permanent as described previously (Powell, Davies and Francis, 1986) . The density of each of ten prophases, selected at random, was measured immediately for each of three meristems per natural population using a Vickers M85A integrating microdensitometer at a wavelength of 560 nm. Density readings in arbitrary units were converted to DNA amount by reference to the amount of DNA in the Portuguese population [referred to by Creber et al. (1994) by its accession number, 6265], the standard used throughout these measurements.
Analysis of amplified fragment length polymorphisms (AFLPs)
AFLPs were analysed between 12 individuals in the French transect, five from the population at 2500 m asl, and seven from the population at 800 m asl. Similarly, AFLPs were examined between 16 individuals from the Italian transect, seven from the population at 1430 m asl and nine from the population at 80 m asl. In addition, one individual of D. glomerata from a grassland scrub near the laboratory at Cardiff, was analysed alongside the French individuals, and two local genotypes were included in the analysis of the Italian genotypes. For each genotype, genomic DNA was extracted from approx. 05 g of fresh leaf tissue using the 2 x CTAB method of Doyle and Doyle (1987) . Subsequently, all DNA extracts were purified by caesium chloride-ethidium bromide equilibrium gradients (1.55 g ml-'). Purified DNA was resuspended in 1 x TE buffer and stored at -20 C.
All protocols relating to the preparation and detection of AFLPs were performed as described by PE Applied Biosystems Inc. (ABI) (1996) . Briefly, purified DNA was digested with the restriction enzymes: EcoRl (Promega) and Msel (New England BioLabs) and double-stranded adaptor pairs (ABI) ligated to the restriction fragments with T4 ligase (Promega) in a single reaction. These tagged restriction fragments were used as template DNAs for preselective PCR directed by preselective primers 5'GCA-TCTGACGCATGGTTAAG-3' (EcoR1) and 5'-TACTCA-GGACTCATT -3' (Msel) (selective base at the 3' ends of the primers is underlined). The preselective amplified products were then further amplified by PCR using the following selective primers, EcoRl: 5'-CGTAGACGTC-GTACCAATTCCA-3' with attached fluorescent dye FAM (blue); Msel: 5'ATGAGTCCTTGAGTAACG-3'.
2.5/d 1 formamide dye [98% (v/v) formamide, 10 mm EDTA, 01 % dextran blue, GS-500 ROX-labelled size standard] were added to 075 ul FAM-labelled PCR products. Samples were then denatured at 90 C for 3 min. Subsequently, entire samples were loaded onto a 5 % (w/v) denaturing polyacrylamide gel using 1 x TBE running buffer. All samples were run on an ABI PRISM 377 DNA sequencer according to manufacturer's protocols (ABI).
AFLP data analysis
The AFLP data were analysed by GeneScan/Genotyper software (ABI). The software identified all DNA bands, compared the mobility of each fragment to the internal GS-500 ROX-labelled size standard, and then sized the fragments, in base pairs, accordingly. The area and intensity of each DNA band was quantified and represented as peaks. Any fragment with an amplitude at or below 50 arbitrary fluorescent units was excluded from the analysis due to the impossibility of discerning background signal from a weakly amplified band.
Phylograms were generated from a matrix of pairwise distances using the UPGMA (unweighted pair group method using arithmetic averages) or Neighbour-Joining analysis (Saitou and Nei, 1987) .
RESULTS
For the French transect, the C-values were negatively correlated with altitude [ Fig. 2B , y=543-0.00045 (+0-0001)x (r=-0871; P= 0.024)]; there was 227% variation in DNA C-values. Similarly, C-values were negatively correlated with altitude for the Italian transect [ Fig.  2C , y= 504-000040 (+0-00015)x (r=-0824; P= 0-08)]. Previously, we showed that populations taken from a transect in the Galician mountains of northern Spain also exhibited a negative relationship between genome size and altitude [ Fig. 2A , y = 576-00007 ( 00002)x (r = -074, P = 0037, Creber et al., 1994) ]. A combined plot of DNA C-values against altitude from all three transects (Fig. 3) representing 17 measurements, exhibited a highly significant negative relationship between altitude and C-value (y = 544-000049 (±000013)x (r = -0-69, P = 0-001). Such a consistent marked altitudinal cline in three geographically separate transects in mainland Europe suggests that strong nucleotypic selection is acting upon these populations with increasing altitude (Table 1) .
AFLP data analysis
UPGMA is a clustering technique from which a tree (dendogram) is generated that portrays linking of pairs of taxa (genotypes) exhibiting least difference in AFLPs (least different pairs of genotypes) followed by successively greater differences in AFLPs (successively more distant pairs of respectively, were grouped by this technique into a separate cluster from both the high and low altitude Italian populations.
The AFLP patterns of these genotypes were also analysed by Neighbour-Joining (Fig. 4B) . Unlike clustering techniques, this method allows for unequal rates of molecular l _ change among branches. However, it does seek to fit the 2000 2500 data to an additive tree. In contrast to cluster analysis, Neighbour-Joining monitors nodes on a tree as opposed to taxa or clusters of taxa. The Neighbour-Joining algorithm has been described as a special case of a star decomposition method whereby a tree is constructed by linking least distant pairs of nodes (Swofford et al., 1996) . Applying this method to the genotypes from the Italian transect resulted in the separation of most of the low altitude genotypes from the high altitude genotypes, but genotype 12 from high altitude shared a common node with genotype I from low altitude, which is consistent with a limited genetic overlap between sites. Overall, this analysis resulted in a remarkably similar separation pattern to that generated by UPGMA. An unrooted Neighbour-Joining phylogram of the French genotypes (Fig. 5) shows a common node for four of the 2000 2500 2500 m asl genotypes (1, 2, 4 and 6) and another common node for six of the 800 m asl genotypes (8-13). However, ue (pg) (+s.e., n = genotype 5 from 2500 m asl shared a common node with n (asl)] for natural genotype 7 from 800 m as]. The Cardiff genotype formed a s in Galicia, Spain clear outgroup. The UPGMA phylogram showed exactly n France; C, five the same pattern (data not shown). Hence, both techniques showed a clear genetic separation of all of the largergenome, low-altitude genotypes from four out of the five oted phylogram smaller-genome, high-altitude genotypes. he Italian popuring of the low DISCUSSION arated from a he phylogram is Clear negative correlations were established between DNA of the smaller-C-value and altitude for both the French and Italian larger genome, transects. Thus the genome size data for the French and from the Cardiff Italian altitudinal transects matched our previous obserroups 1 and 2, vations on populations from an altitudinal transect in Galicia, northern Spain (Creber et al., 1994) . Moreover, the combined plot of all three transects is consistent with the conclusion that the higher the altitude the lower the genome size. Similar results have been reported for Argentinean races of maize (Rosato et al., 1997) where populations lacking B chromosomes and encompassing a 36 % variation in genome size also exhibited a negative correlation between genome size and altitude. The intraspecific variation in DNA C-value may be explicable in terms of differences in the level of heterochromatin between populations. In other words, whilst genic content would be expected to be relatively constant for the species, variations in non-coding repetitive DNA might account for the differences that we detect. 'DNA makes RNA makes protein' describes a simplistic relationship which is at the heart of studies that aim to provide a greater understanding of the control of gene expression in living organisms. However, it ignores features of the topology of DNA which are known to affect both gene expression and the timing of various events throughout the life of a cell. DNA topology will depend, at least partly, on the conformation of chromatin where regions of active gene expression (euchromatin) can be distinguished cytologically from non-transcribed regions of the genome. Notwithstanding the current debate about intraspecific variation in genome size (Bennett and Leitch, 1997) , how could variation in DNA C-value in these transects be linked to important cellular determinants of growth such as cell division? Nucleotypic correlations within a ploidy level indicate that compared with large genome size species, species with smaller genomes exhibit cells with rapid rates of nuclear DNA replication and cell division. For example, at 20 °C, the duration of the cell cycle was 11 h in Oryza sativa (DNA C-value = 0'6 pg) compared with 30 h in Tulipa kaufmanniana (C-value = 22'6 pg; Kidd et al., 1987) . Note that the 33-fold increase in C-values between these species was accompanied by a three-fold increase in the duration of the cell cycle. The intraspecific variation in C-values reported here only represents a 13-fold increase from the lowest to the highest natural population. This relatively small increase in C-value may not impact greatly on cell cycle duration.
However, we concluded elsewhere that in a meristem, the proportion of rapidly cycling cells is related positively to growth rates in D. glomerata exposed to elevated CO 2 (Kinsman et al., 1997) and in newly formed leaves in Lolium temulentum (Moses, Ougham and Francis, 1997) . Hence, we are now examining the possibility that the harsher climates and shorter growing seasons at high altitude favour genotypes of D. glomerata with smaller genomes whose meristems exhibit a higher proportion of rapidly cycling cells compared with lower altitude-larger genome size genotypes.
Closer scrutiny of the combined plot (Fig. 3) reveals that genotypes from the lower-altitude sites on the Italian transect had smaller genomes compared with the lower latitude populations from the French and Spanish transects. It is notable that the Sicilian transect was located at a lower altitude than the other two; the relatively smaller genome size of the low-altitude populations from this more southerly site is consistent with a trend of species from southern latitudes having smaller genomes than those from northern latitudes (Bennett, 1987) . This general cline of increasing genome size with increasing latitude is reversed in very northern latitudes and it has been argued that this may result from selection against individuals with high C-value in these habitats with harsh climates and short growing seasons (Grime and Mowforth, 1982; Bennett, 1987) . Do the same forces operate at the higher altitudes of our transects? In the absence of primary cell cycle measurements in the natural populations from our altitudinal transects and, given the complexities of prevailing climate and fluctuations in climatic conditions which are likely at different times of the year (e.g. Grace, 1987) , further predictions about the relationship between genome size and rate and pattern of cell division, and their relationship to plant growth and development, would be highly speculative. However, we believe that a study of these natural populations of D. glomerata, which originate from contrasting climates and which also vary in genome size, are ideal experimental tools with which to investigate the impact of DNA C-value with environmental factors on the adaptation of plants to contrasting environments.
The AFLPs detected in this study are consistent with a genetic separation of high and low altitude genotypes in both the French and Italian transects. Application of other DNA fingerprinting techniques e.g. random amplified polymorphic DNA (RAPDs) and single sequence repeats (SSR), carried out on the French 800 m asl and 2500 m asl populations also revealed near identical genetic separation patterns (G. Reeves unpubl. res.) . We have demonstrated that AFLP technology can be used to resolve different genotypes and we can now examine the extent to which these DNA polymorphisms are related to tolerance of climatic factors or C-value, or both, at the genotypic level.
Our results describing a maximum 1I30-fold variation in DNA C-value in D. glomerata from three different altitudinal sites adds to the debate on intraspecific variation in genome size. Clearly more measurements of natural populations from a wider range of species are required to fully resolve the influence of the environment on genome size within plant species.
